Introduction
As a final finishing process, polishing is widely used in many manufacturing industries including aerospace, automobile, and dies and molds. Polishing smoothes the part surface without affecting its geometry. Traditionally, polishing has largely been a manual operation that is very labor intensive, highly skill dependent, inefficient with long process time, high cost, error prone, and hazardous due to abrasive dust. A viable solution to overcome the abovementioned problems of manual operation is through automation. However, successful implementation of an automated polishing system requires effective control methods.
In the past, limited research has been carried out to investigate prospective methods for designing and implementing automated polishing systems ͓1-5͔. Up to now, the common practice in automated polishing is to maintain a constant force applied from the polishing tool to the part. The force control approaches for the automated polishing process can be broadly categorized as rigid force control and compliant force control ͓6͔. In the rigid force control, the force from the tool is generated from the axis actuators of the machine that are also used to simultaneously move the tool. One can immediately notice the combination of position and force hybrid control. This problem has been studied extensively in the robotics field. A number of control approaches have been developed by many researchers such as Khatid ͓7͔, Raibert and Craig ͓8͔, and Yoshikawa ͓9͔. However, coupling exists between the force and the motion, as well as, the long delay in force generation from the actuators to the toolhead. This leads to the compliant force control as an alternative method. In the compliant force control, an independent force device is adopted to generate the tool force, whereas the machine actuators are used solely for motion control. Therefore, it is a decoupled system. A closed-loop control scheme is used to sense and regulate the polishing force exerted on the part independently ͓10͔.
However, as mentioned before, these previous methods were all aimed at maintaining a constant polishing force. Most recently, it is noted in Ref. ͓11͔ that the contact stress between the tool and the part determines the quality of the polished part, not the force exerted on the tool. When the part's surface geometry varies, the contact force or polishing force needs to be adjusted to maintain a constant contact stress. In this research, the contact force between the tool and the part is generated by applying pneumatic cylinder pressure. Based on this contact force and various surface geometries, the contact stress can be obtained. Therefore, the polishing force tracking control can be treated as the pressure tracking control in the pneumatic cylinder in order to maintain a constant contact stress when the geometry varies. A number of control methods have been applied to improve the control performance of pneumatic servosystems. Wang et al. ͓12͔ proposed a modified proportional, integral, and derivative ͑PID͒ control strategy for servopneumatic actuator systems but the acceleration feedback signal required in this control strategy was difficult to obtain in practice. A study of a gain-scheduling method for controlling the motion of pneumatic actuators was published by Pu et al. ͓13͔ . This scheduling scheme was based on a simplified plant model without the use of any prior knowledge, such as the dynamic behavior of the pressure build-up in the actuator chambers. However, in pneumatic servosystems, it is difficult to accomplish satisfactory control performance by using PID or optimal control methods because of changes in load mass, friction and air compressibility, which cause noticeable parameter variations of the plant. Therefore, an adaptive control system in which the controller can be adjusted based on the identification results of the plant has been introduced to improve the control performance of pneumatic servosystems ͓14,15͔. The construction of an adaptive control system is usually realized by using a discrete-time plant, obtained from discretization of the continuous-time plant using a zero-order hold sampler. Therefore, it becomes nonminimum phase ͓16͔. An adaptive pole-placement control is well known as an effective method for such a nonminimum phase plant. An improved design scheme of the adaptive pole-placement control for the pneumatic servosystem with additive external forces was proposed in Ref. ͓17͔. In this paper, the robotics polishing system is introduced first. Then, an adaptive controller is developed for the pressure tracking of the pressurized toolhead in order to maintain the constant contact stress for the polishing process. By using an active pneumatic compliant toolhead, a recursive least-squares ͑RLSs͒ estimator is developed to estimate the pneumatic model, and then a minimumdegree pole-placement method ͑MDPP͒ is applied to design a self-tuning controller. The simulation and experiment results are presented and discussed.
2 Robotics Polishing System 2.1 System Description. Figure 1 shows a robotic polishing system developed at Ryerson University that consists of a hybrid robot with an active compliant force device. This is a decoupled system because the robot is used solely for motion control and the active compliance force device solely for force control. The robot has five axes; composed of a three-axis parallel robot ͑tripod͒ and a two-axis gantry. The active compliance tool assembly is at-tached to the moving platform of the robot. Figure 2 shows the active compliant force device that is made of three pneumatic cylinders to extend the tool spindle for the polishing force control. This design configuration allows the pneumatic spindle to be held in the center of the force device. When the pneumatic cylinder is actuated, the pneumatic spindle will be pushed downwards to polish the part. Figure 3 shows the toolhead control system in which a proportional directional control valve ͑MPYE-5-1/4-010B from Festo͒ with the response frequency of 100 Hz is used. The entire system is controlled via a MC8-DSP-ISA board from the Precision MicroDynamics, Inc., Victoria, B.C., Canada, with a sampling frequency of 1000 Hz. For the polishing control in this study, the applied contact force to the part is generated from the cylinder pressure. Therefore the cylinder pressure can be precomputed based on the part geometry and constant contact stress. The cylinder pressure is measured from a pressure sensor shown in Fig. 3 . Thus the measured cylinder pressure can be feedback to the system to form a closed loop. For more details about this system, the reader can refer to Ref. ͓18͔. Figure 4 is a block diagram showing the dynamic interaction in the polishing control system. There are two control inputs: one for the pressure valve and another for the flow valve. There are two outputs: one being the contact stress and the other being the tool spindle speed. The input voltage V p is supplied to actuate the pressure valve to provide the tool pressure. Simultaneously, the input voltage V q is supplied to actuate the flow valve to provide a flow rate. The volumetric flow entering the polishing spindle provides a polishing torque.
System Modeling.
The detailed derivation of the dynamic model based on the tool-to-part interaction was published in Refs. ͓11,18͔. Here, only the key equations are presented for control purpose. In the block diagram from Fig. 4 , the relation between the cylinder pressure P c and the input voltage V p is given as
where G p is the transfer function relating the input voltage and the cylinder pressure. The relationship between the cylinder pressure P c and the applied contact force F is given as
where A c is the area of the piston inside the cylinder chamber and f is the spring return force of the cylinder, which can be obtained through stiffness measurement. The relation between F and the contact stress P m is given as
where k = b / a and a and b are the semimajor and semiminor axes of the ellipse of contact surface, respectively, and E͑kЈ͒ and ⌬ are functions of a and b, as defined in the Appendix. As mentioned in the Introduction, the key in polishing is to maintain a constant contact stress, not the tool force, between the tool and the part. The contact stress model ͓11͔ provides a relation between the tool force and the contact stress, as described in Eq. ͑3͒. Hence, under the condition of a constant contact stress P m , the cylinder pressure P c can be precomputed from Eqs. ͑2͒ and ͑3͒. Therefore, the polishing control objective here is to track the change in the cylinder pressure P c . The air pressure model is very complicated because of air compressibility, friction of pneumatic valve spool movement, volume variation in air inside the valve, and pressure fluctuation of input air of the valve can cause uncertainty in plant parameters. Therefore, an adaptive controller in which the controller can be adjusted based on the identification results of the plant will be presented in the next section. Since our focus is on pressure control in the first step of this research, an on/off control valve is used for the flow control in our current toolhead spindle control. A constant spindle speed control will be considered in the future work using a variable flow valve. 
Pressure Planning.
A doorstop as shown in Fig. 5 is used to test the proposed polishing process in this study. The task of the experiment is to polish the edge of the doorstop with no computeraided design ͑CAD͒ model. Therefore, the polishing path is unknown. The edge of the doorstop is probed point-by-point using a built-in house polishing software presented in Ref. ͓19͔ . Figure 6 shows the edge probing function in the polishing software. Part ͑a͒ shows the configuration information, such as probe direction, starting and ending points. Part ͑b͒ shows the digitized data set of one curve. Part ͑c͒ shows all the digitized data set of the edge.
After edge measurement, the digitized points are interpolated by B-spline, as described in Ref. ͓19͔ and the G-code can be generated from this polishing software. These data are used to calculate the instantaneous radius of curvature for each xyz coordinate in Table 1 and then the required cylinder pressure. The equation for radius of curvature is given as ͓11͔
where
The minimum radii of the part edge shown in Fig. 7 are used by Eq. ͑4͒ to determine the radius of curvature. The maximum radii of the part are assumed to be 1000 mm. From the known radii, the quantities k, E͑kЈ͒, and ⌬ can be determined ͓11͔ and the defini- tions of E͑kЈ͒ and ⌬ are shown in the Appendix. The applied contact force F can be determined from Eq. ͑3͒. Hence the planned cylinder pressure P pc can be calculated by using Eq. ͑2͒. The calculated planned cylinder pressure P pc at different location of the edge of the doorstop is also shown in Fig. 7 . The mean contact stress P m0 is set to 34 N / m 2 here. It can be seen from these two figures that the bigger the radii, the larger the planned cylinder pressure needed for the polishing process. Table 1 is the part of modified G-code containing path planning data and calculated cylinder pressure data P pc for polishing the edge of the part. Tables 2-4 list the parameters of the polishing tool, part, and dynamical model, respectively. The part material is steel.
Adaptive Controller Design
The goal of control for the polishing process is to maintain a constant contact stress between the tool and the part by controlling the pressure of the pneumatic cylinder through the electrical pneumatic valve. The valve pressure model G p is complicated and unknown. It also changes when the filling process switches to the discharging process in the pneumatic cylinder. Adaptive control method is applied here to solve the parameter uncertainty problems. Figure 8 shows a block diagram of a process with a selftuning regulator. The input voltage u of the electrical pneumatic valve and output pressure P c inside the cylinder are filtered using the same filter H f . The filtered signals are sent to the parameter estimator. The RLS estimator is developed to estimate the system model in real-time. The controller is designed by using the poleplacement method and the estimated real-time model parameters. The output pressure P c needs to follow the trajectory of the planned pressure P pc by applying this controller. Figure 9 shows the time response of the pneumatic valve output pressure. At the time of 10 s, the nominal input of the electrical pneumatic valve is changed from 0 V to 1.2 V to fill the cylinder. At the time of 20 s, the nominal input is changed from 1.2 V to 0 V to discharge the cylinder. It can be seen that the model of the filling process and the discharging process are different. It means that the parameters of the pneumatic system are different at different pneumatic operations. From observing the step response of the output pressure, the valve pressure model can be assumed as a first-order system. Hence, let the system be described by the model
Parameter Estimation.
where q is the forward shift operator, u͑t͒ is the input of the system, P c ͑t͒ is the output pressure of the pneumatic valve or the pressure inside the pneumatic cylinder, and v͑t͒ is the disturbance, which may come from the volume variation of the pneumatic cylinder and the environmental noise. A͑q͒ and B͑q͒ are the polynomials 
The presence of the disturbance v͑t͒ will, of course, create difficulties in the parameter estimation. However, the effect of v͑t͒ can be reduced by filtering the output P c ͑t͒. For the purpose of using the RLS estimation method for the parameter estimation, the input u͑t͒ needs to be filtered as well. Assuming that the data filter is introduced as the transfer function H f , then applying this filter to Eq. ͑5͒ and neglecting the disturbance yields
can be written as the difference equation represented as
By introducing the parameter vector
and the regression vector
the model can be formally written as the regression model
Therefore parameter estimation can be obtained by applying the RLS method as below
where T = ͓â p b p ͔ denotes the estimated system parameters and is the forgetting factor.
In real-time, the estimator windup can occur due to the poor excitation of the system ͓20͔. The conditional updating method can be applied to modify the RLS method to avoid the estimator windup. The estimate is updated only if it satisfies the following condition:
3.2 Pole-Placement Design. The idea of the pole-placement method is to determine a controller that gives the desired closedloop poles. In addition, it is required that the system follows command signals in a specified manner. A general linear controller ͓20͔ can be described by
where R, S, and T are polynomials. Eliminating u between Eqs. ͑5͒ and ͑13͒ and neglecting the disturbance gives the following equations for the closed-loop system:
The closed loop characteristic polynomial is thus
is also called Diophantine equation ͓20͔. The key idea of the controller design is to specify the desired closed-up characteristic polynomial A pc . To do this, the response from the command signal P pc to the output P mc must be described by the dynamics as
To achieve the desired input-output response the following condition must hold:
The denominator A pc is the closed-loop characteristic polynomial. To carry out the design, the polynomial B is factored as
where B + = 1 and B − = B = b p . Since B + is canceled, it must be a factor of A pc . Furthermore, it follows from Eq. ͑18͒ that A m must also be a factor of A pc . Thus the closed-loop characteristic polynomial has the form
Since B + is a factor of B and A pc , it follows from Eq. ͑15͒ that B + is a factor of R. Hence
and Eq. ͑15͒ reduces to
Since the process is of first-order, the minimum-degree solution has polynomials R, S, T, and A of zero-order and can be represented as r 1 , s 1 , t 1 , and a 0 , respectively. The closed-loop system will be of first-order ͓20͔. Substituting A, B − , and A m into Eq. ͑22͒ yields ͑q + a p ͒r 1 + b p s 1 = ͑q + a m ͒͑a 0 ͒ ͑ 23͒ Furthermore, solving Eq. ͑23͒ for R and S results in
Then substituting Eqs. ͑19͒ and ͑20͒ into Eq. ͑18͒ yields
By substituting R, S, and T into Eq. ͑13͒ and choosing a 0 = 1 for the simplification, the controller is obtained.
Integral Action.
The pole-placement procedure can be modified to take disturbances into account ͓20͔. Assume that the disturbances v are generated from the dynamical system
where e 1 is a set of widely spread pulses or discrete-time white noise. A step disturbance is, for example, generated in a discretetime system by
Substituting Eqs. ͑26͒ and ͑13͒ into Eq. ͑5͒ yields 
͑29͒
then it follows that the polynomials R and S given by
Satisfy the equation
thus permitting A d to be canceled from Eq. ͑28͒. This implies that a model for the disturbance dynamics is built into the controller. In some special case, the disturbance is a constant, that is, A d = q − 1, representing a constant step disturbance. To obtain a controller with integral action, the order of the closed-loop system is increased by introducing an extra closed-loop pole
where x 0 = 0. Then Eq. ͑33͒ becomes
Letting q = 1 and solving for y 0 yield
Now inserting X and Y into Eq. ͑31͒ yields
Finally, the controller is obtained by substituting Eq. ͑37͒ into Eq. ͑13͒ and replacing the plant parameters with the estimated plant parameters as
4 Simulation and Experiment 4.1 Simulink Model. This section describes the simulation carried out to test the proposed adaptive control method. The valve pressure model can be assumed to be a first-order system as
Converting Eq. ͑39͒ from the continuous-time domain to the discrete-time domain with the sampling time of 0.01 s yields
where a p = −0.9851 and b p = 0.0199. For the pressure trajectory following model, the condition of Eq. ͑18͒ is used to determine the desired pole of the closed-loop system and it is chosen as
Converting Eq. ͑41͒ from the continuous-time domain to the discrete-time domain with the sampling time of 0.01 s yields
where a m = −0.9802 and b m = 0.0198. Figure 10 shows the Simulink model. The input is derived from Eq. ͑9͒, the model for the self-tuning regulator. The "RLS" block is based on Eq. ͑11͒ for parameter estimation. The "plant" block is based on Eq. ͑40͒ to simulate the valve pressure model, which is a total plant model. Inside the plant block, the white noise is added to the output y͑t͒ to simulate the real system. A low pass filter with a cut off frequency at 10 Hz is applied to both input and output of the plant. The "control system" block is based on Eq. ͑38͒. For the design calculation, it can be seen from Eq. ͑24͒ that the value of the parameter b p needs be chosen as a nonzero value. In this simulation the initial estimates were chosen as â p ͑0͒ =0, b p ͑0͒ = 0.001. The P-matrix was initialized as a diagonal matrix with P͑1,1͒ = P͑2,2͒ = 100 and is chosen to be 1. Figure 11 shows the process output and the control signal in simulation of the process with the self tuner when the setpoint signal is a square wave. Figure 12 shows the estimated parameters of the plant. It can be seen that the output converges to the model output after an initial transient and Transactions of the ASME the estimated parameters converge to the plant parameters, which are a p = −0.9851 and b p = 0.0199. Since the output from this simulation follows a big step change in the reference input, the adaptive controller should work better under the relatively simple condition of tracking the pressure trajectory, especially if the pressure varies slowly.
Simulation Results.

Experimental Results.
The objective of this research is to tracking the trajectory of the cylinder pressure in order to maintain the constant contact stress between the tool and the part. Before the polishing test, a pressure trajectory tracking test is carried out first. The forgetting factor in Eq. ͑11͒ is chosen to be 0.999 after a few tests. As shown in Fig. 13 , the planned cylinder pressure is a sine wave. In the first 4 s, the whole system is excited by giving a large amplitude of the reference inputs for the RLS estimation. When the system is identified and the estimated parameters converge to some constant values, as shown Fig. 14 , the measured pressure follows the planned pressure trajectory, as shown in Fig. 13 . It is noted that there is a 0.3 s time delay between the measured pressure and planned pressure. The time delay occurred due to the computational delay of the system and the following model described in Eq. ͑41͒. For the real-time polishing test, the planned pressure trajectory needs to be shifted to the direction of left side by 0.3 s to compensate for the time delay. In this way, the planned pressure is synchronized with the motion of the tripod robot. Figure 15 shows the experimental results of the cylinder pressure tracking for the polishing control. It can be seen that at the beginning of the process, the system is excited for the RLS estimation. At the time of about 5 s, the toolhead made contact with the part when the polishing operation began. The process ended at the time of 10 s and the tool left contact with the part. It can be seen the developed adaptive controller ensures that the output cylinder pressure follows the planned cylinder pressure. Figure 16 shows the nominal control inputs to the directional control valve during the polishing process. Figure 17 shows the estimated parameters. After the excitation of the signal, the system parameters converge to an approximate constant number and change slowly as the pressure is varied from a discharging state to a filling state. Figure 18 shows the part profile before and after polishing. The roughness is measured at different areas by using a 2D laser profile scanner from Optical Gaging Products Inc., Rochester, NY. It can be seen from Fig. 18 that materials are removed uniformly along the arc. The variance of the error between the original profile and the polished profile is 2 = 0.0015 mm 2 . Figure 19 shows the part profile after polishing. The roughness ͑or waviness͒ is measured at different areas before and after polishing by using the same scanner and the measured results are shown in Table 5 . Comparing the results of the roughness at these areas, it can be clearly seen that the part surface roughness is improved after the adaptive control strategy is conducted. R p is the mean roughness of the polished area and R u is the mean roughness of the unpolished area. From Table 5 , the average R u and R p can be calculated as 0.0135 mm and 0.002 mm, respectively. Therefore, the roughness improvement rate can be calculated around 85%. It is also noted that the roughness of these three measured polished areas are approximately equal to each other. The waviness variance is 3.9000ϫ 10 mm 2 . It is concluded that the part surface was polished uniformly by applying the constant contact stress theory when the part geometry varies. A low waviness variance indicates high figuring accuracy.
For comparison, two more experiments were carried out on polishing with constant contact force and polishing with constant contact stress using PID control. Similarly, doorstops are used for the tests. Figure 20 shows the minimum radii at different locations of the part. Figure 21 shows the planned pressure P pc at different locations of the part calculated using Eqs. ͑2͒ and ͑3͒ based on the constant contact stress theory. It can be seen from these two figures that the bigger the radii, the larger the planned pressure needed for the polishing process. When polishing using a constant applied force, the pressure is chosen to be 2.3 bars, approximately in the middle between the highest pressure of 2.92 bars and the lowest pressure of 1.74 bars, as shown in Fig. 21 . In this case, the higher contact stress is generated in the middle of the polishing area while the lower contact stress is generated at both ends of the polishing area.
The part profile before and after polishing is measured and shown in Fig. 22 from which it can be seen from Fig. 22 that more materials are removed in the middle of the arc due to the overpol- ishing, which is caused by the high contact stress while less materials are removed at both end of the arc due to underpolishing, which is caused by the lower contact stress. The variance of the profile error between the original profile and the polished profile shown in Fig. 22 is calculated as 2 = 0.0036 mm 2 . Figure 23 shows the part profile after polishing. From Table 6 , the average R u and R p can be calculated as 0.0121 mm and 0.0036 mm, respectively. Therefore, the roughness improvement rate can be calculated as 70%. It is also noted that the roughness of these three measured polished areas are not consistent and the variance is 4.8910ϫ 10 mm 2 , much higher than the adaptive constant contact stress control method.
A PID constant contact stress control was also tested. Figure 24 shows the minimum radii at different locations of the part. Figure  25 shows the planned cylinder pressure P pc at different locations of the edge of the doorstop. Figure 26 shows the experimental results of the cylinder pressure tracking control using the PID control. At the time of 69 s, the toolhead made contact with the part. It ended at the time of 89 s and the tool left contact with the part. It can be seen that the measured cylinder pressure follows the planned cylinder pressure by using the PID controller. From the experiment, the tuning rule such as Ziegler-Nichols rules cannot be applied to this system directly because the high friction exits inside the cylinder and the toolhead. Therefore, the P gain is tuned first when the step response of the system is marginal stable; then I gain is increased gradually until the system is marginal stable; the last step for tuning is to increase the D gain gradually until the system is marginal stable. The P gain, I gain, and D gain of the controller are 0.9, 0.9 and 0.1, respectively. The part profile is measured before and after polishing, as shown in Fig. 27 . It can be seen from this figure that materials are removed uniformly along the arc. The variance of the profile error between the original profile and the polished profile is 2 = 0.0016 mm 2 . Figure 28 shows the part after polishing. The roughness is measured before and after polishing at different areas, and the measured results are shown in Table 7 . By comparing the roughness results before and after polishing, it can be clearly seen that the part surface roughness is improved significantly. From Table 7 , the average R u and R p can be calculated as 0.0107 mm and 0.0028 mm, respectively. Therefore, the roughness improvement rate can be calculated as 74%. It is also noted that the roughness of these three measured polished areas is approximately equal to each other, and the roughness variance is 1.7223ϫ 10 mm 2 . Table 8 shows the polishing results by applying the constant contact force, constant contact stress with PID control, and constant contact stress with adaptive control. The smaller value of profile error variance indicates that the part geometry is maintained closer to the original one, i.e., high figuring accuracy. The smaller value of roughness variance indicates the polishing consistency of the part surface. It can be concluded from Table 8 , better performance can be achieved by applying the adaptive control with the constant contact stress theory.
Conclusions
A hybrid robot with an active compliant force device has been developed for the purpose of polishing. Control of a constant contact stress between the tool and part has been identified as the key for a successful polishing operation. An adaptive control algorithm has been developed to achieve the constant contact stress. The controller requires only limited prior system information such as the order of the system. The recursive least-squares method has been used to identify the system parameters online. The minimum-degree pole-placement method has been applied to design this indirect self-tuning controller. The developed controller has been tested both by simulation and experiment. The experimental results have shown that the proposed indirect self-tuning controller can effectively track the planned cylinder pressure that is based on the constant contact stress model. Between the adaptive and PID control method, the latter is very sensitive to plant variation and its gains need to be retuned even the variation is small, which is a time consuming process. For the former, once the adaptive controller is developed with a proper following model, it can be directly applied to the pressure tracking control through self-tuning. Therefore, the adaptive controller is more effective than the PID controller.
Nomenclature
A ϭ a parameter that is a function of the radii of curvature A c ϭ cross-sectional area of the pneumatic cylinders a ϭ semimajor axis of an ellipse B ϭ a parameter that is a function of the radii of curvature b ϭ semiminor axis of an ellipse E͑kЈ͒ ϭ complete elliptic integral of the second kind F ϭ the reaction force between the tool and the part or contact force f ϭ spring return force G p ϭ the transfer function pertaining to the electropneumatic valve k ϭ ratio of semiminor to semimajor axis K͑t͒ ϭ estimator gain P͑t͒ ϭ covariance matrix P c ϭ pressure in pneumatic cylinders P f ϭ filtered cylinder pressure P m ϭ mean contact stress or average contact stress P mc ϭ output pressure of the following model P pc ϭ desired planned pressure Q͑z͒ ϭ curvature as a function of the part height, z R m ϭ minimum radii of the part curvature 
